Denitrifying fungi produce nitrous oxide (N 2 O), a potent greenhouse gas, as they generally lack the ability to convert N 2 O to dinitrogen. Contrary to the case for bacterial denitrifiers, the prevalence and diversity of denitrifying fungi found in the environment are not well characterized. In this study, denitrifying fungi were isolated from various soil ecosystems, and novel PCR primers targeting the P450nor gene, encoding the enzyme responsible for the conversion of nitric oxide to N 2 O, were developed, validated, and used to study the diversity of cultivable fungal denitrifiers. This PCR assay was also used to detect P450nor genes directly from environmental soil samples. Fungal denitrification capabilities were further validated using an N 2 O gas detection assay and a PCR assay targeting the nirK gene. A collection of 492 facultative anaerobic fungi was isolated from 15 soil ecosystems and taxonomically identified by sequencing the internal transcribed spacer sequence. Twenty-seven fungal denitrifiers belonging to 10 genera had the P450nor and the nirK genes and produced N 2 O from nitrite. N 2 O production is reported in strains not commonly known as denitrifiers, such as Byssochlamys nivea, Volutella ciliata, Chloridium spp., and Trichocladium spp. The prevalence of fungal denitrifiers did not follow a soil ecosystem distribution; however, a higher diversity was observed in compost and agricultural soils. The phylogenetic trees constructed using partial P450nor and nirK gene sequences revealed that both genes clustered taxonomically closely related strains together.
F
ungi play an important role in soil ecosystems, contributing to various biogeochemical cycles. Some fungal species are capable of denitrification, a capacity that was discovered relatively recently compared to the well-characterized denitrification process occurring in denitrifying bacteria (1, 2) . Most denitrifying fungi are unable to convert nitrous oxide (N 2 O) to dinitrogen (N 2 ) (2, 3, 4), leading to the majority of gaseous emissions released being N 2 O, a potent greenhouse gas and ozone-depleting compound (5) . Greater interest in the sources releasing N 2 O in the environment has fueled research aiming at characterizing the contribution of N 2 O production from denitrifying fungi. The fungal contribution to N 2 O production in soils is often measured using substrate-induced respiration-inhibition (SIRIN) in combination with cycloheximide, a fungal growth inhibitor, to measure the decrease in the flux of N 2 O in soil samples. These types of studies have shown that the addition of cycloheximide decreased N 2 O production by up to 89% in a perennial ryegrass field (6) , 63% to 85% in semiarid soils (7, 8) , 81% in an arable peat soil (9) , 40 to 51% in soil farming systems (10) , and 18% in a sandy loam ley grass field (11) . In some studies, the decrease in N 2 O flux when inhibiting fungi was greater than that when inhibiting bacteria, clearly demonstrating that fungal denitrification was more important than bacterial denitrification in certain ecosystems (6, 8, 9) .
Only a few Ascomycota and Basidiomycota fungi have been shown to be capable of denitrification (2, 12) . Most studies have attempted to identify denitrifying fungi from soils and culture collections based on their ability to produce N 2 O (13, 14) . These studies have demonstrated that some fungal genera produce N 2 O and are routinely isolated from soil, including Fusarium, Aspergillus, Bionectria, Trichoderma, Chaetomium, and Penicillium (4, 8, 15, 16, 17) . However, little is known about the prevalence and diversity of fungal denitrifiers found in different environments.
Unlike bacterial denitrification, the fungal denitrification pro-cess relies mainly on the activity of two enzymes, a dissimilatory nitrite reductase (dNir), encoded by the nirK gene, and a nitric oxide reductase (Nor), encoded by the P450nor gene, which were either partially or completely purified from Fusarium oxysporum (18, 19) , Cylindrocarpon tonkinense (20) , and Aspergillus oryzae (21) , the most studied denitrifying fungi thus far. The fungal dNir is a copper-containing nitrite reductase that closely resembles its bacterial counterpart (22) . The fungal Nor is a different type of cytochrome compared to the bacterial cytochrome cb-type nitric oxide reductase and is referred to as P450nor or CYP55 (23) . The P450nor protein belongs to the P450 superfamily; however, it seems to possess a closer relationship to bacterial P450s than to eukaryotic P450s. The amino acid sequence of CYP55 shows up to 40% sequence identities to the bacterial CYP105 (24) . Also, due to its ability to directly receive electrons from NADH, its function is considered atypical in the P450 superfamily (25) . In addition to Nor activity, P450nor is able to catalyze the codenitrification reaction (24) and exhibits NADH-peroxidase activity (S. Nakaya and H. Shoun, unpublished data). This enzyme is considered to be a multifunctional detoxifying enzyme. A fungal dNar, encoded by the nar gene, also exists and resembles its bacterial counterpart, NarGHI (24) . However, the fungal nar gene is found in only a small number of fungi, primarily Fusarium and Gibberella species (4, 26) . With little attention having been focused on denitrifying fungi in soil, their abundance and diversity are not well documented. Molecular-based methods have been developed and extensively used to target bacterial denitrifiers; however, analogous tools have only recently been developed for fungal denitrifiers (13, 27, 28, 29) . In this context, the P450nor gene appears to be a better molecular target for detecting and characterizing fungal denitrifiers due to the lack of homology existing between the bacterial cnorBqnorB and fungal P450nor genes (14) . Therefore, the first aim of this study was to develop a novel P450nor gene detection assay, and the second was to examine the prevalence and diversity of cultivable fungal denitrifiers found in various soil ecosystems using the developed assay.
MATERIALS AND METHODS
Soil sampling. Soil samples were collected from various locations and ecosystems in New Brunswick, Canada, in the summer of 2012 (Table 1) . Approximately 200 g of soil was collected from the top 20 cm of each sampling site and was stored at 4°C (for up to 2 weeks) until used to isolate fungal colonies.
Facultative anaerobic fungus isolation. Fungal denitrification is known to occur under oxygen-limiting conditions (2, 19) ; therefore, an approach targeting facultative anaerobic fungi was used to target potential denitrifying fungi. Fungal colonies were isolated from the soil samples using the following protocol. One gram of each soil was diluted in 9 ml of 0.9% saline solution. Tenfold dilutions were made to obtain 10 Ϫ2 and 10 Ϫ3 dilutions. Each dilution was plated in duplicate on glycerol peptone medium agar plates (GPA) (22) supplemented with 5 ml liter Ϫ1 chloramphenicol. Petri plates were then incubated at 25°C for 21 days in anaerobic jars outfitted with an Anaerogen anaerobic pouch and indicator strip (Oxoid, Waltham, MA). Following growth, fungal colonies showing morphological differences were placed in pure culture on GPA plates supplemented with chloramphenicol. These plates were incubated aerobically at 25°C for up to 7 days. Measurement of N 2 O production. The presence of N 2 O was measured by growing each fungal colony in triplicate in 5 ml of glycerol peptone broth (without antibiotic) containing 6 mM sodium nitrite in an anaerobic Hungate tube (VWR, Mississauga, Canada). After 28 days of incubation at 25°C and agitation at 120 rpm, the headspace gas was sampled and transferred to evacuated Exetainers (Labco Limited, United Kingdom). Gas analysis was performed as described previously (30) .
DNA isolation. Each fungal colony was grown in 25 ml of potato dextrose broth (VWR) and incubated at 25°C for 5 days at 120 rpm. DNA extractions were performed using a modified version of the DNeasy plant minikit (Qiagen, Germantown, MD). The modifications consisted of filtering the cultures, and a maximum of 0.1 g of filtered fungus was weighed and added to a tube containing a 3-mm tungsten carbide bead. The fungal hyphae were frozen in liquid nitrogen and then ground in a Tissue Lyser II (Qiagen) for 2 min at 30 Hz. The DNA extraction then was performed according to the manufacturer's protocol. The quantity and purity of DNA samples were verified by spectrophotometry (NanoDrop Inc., Wilmington, DE). DNA was also isolated directly from eight soil samples collected in this study using the DNA extraction protocol developed by Griffiths et al. (31) . The quantity and purity of the DNA samples were verified by spectrophotometry (NanoDrop Inc.).
Development of PCR primers and PCR amplifications. PCR primers specific to the P450nor and nirK genes were constructed by aligning sequences for each gene from GenBank and targeting conserved regions within these sequences. More specifically, for P450nor, the GenBank sequences from Trichosporon cutaneum (AB052733), Fusarium lichenicola (D78511), Fusarium oxysporum (D14517), Fusarium lichenicola (D78512), Aspergillus oryzae (BD178021), Metarhizium anisopliae (EU815324), and Fusarium oxysporum (M63340) were aligned using ClustalX, and the alignment was visually inspected for conserved regions that could be primer sites. Primer sites were tested in a T M calculator (New England BioLabs) to make sure that the T M of each primer was similar. For the nirK gene, the following GenBank sequences were aligned using ClustalX: Aspergillus oryzae (GU144509), Fusarium lichenicola (GU320194), Fusarium lichenicola (GU247810), Fusarium lichenicola (GU247811), and Fusarium oxysporum (EF600898). The alignment was visually inspected for conserved regions as described for P450nor, and the potential primers were verified using a T M calculator to ensure a similar T M for both primers. One primer set was designed and synthesized for each gene (IDT DNA, Coralville, IA). The following P450nor and nirK primer sequences were used: P450nor1F, 5=-CCS ACD TTY GTY GAY ATG GA-3=; P450nor1R, 5=-GTB GCR TTV CCN GCV AC-3=; nirK1F, 5=-GTC CCH GGM CCH TTC AT-3=; and nirK1R, 5=-GGY TCR TGG TAR AAC T CG C-3=. The primers targeted a 660-bp region of the P450nor gene and a 337-bp region of the nirK gene. The primers were first validated by PCR using DNA extracted from three well-characterized denitrifying strains, Fusarium oxysporum Schlechtendal Emend. Snyder & Hansen JCM no. 11502, Cylindrocarpon lichenicola NBRC 30561, and Aspergillus oryzae var. Brunneus NBRC 100959, which were obtained from commercial culture collections (RIKEN BRC Japan Collection of Microorganisms and NITE Biological Resource Center) and two control nondenitrifying strains (Verticillium dahliae and Rhizopus stolonifer) available in our culture collection (see Fig. S1 in the supplemental material).
P450nor and nirK PCRs were performed on the DNA isolated from all fungal colonies, while P450nor PCRs also were performed on the DNA isolated directly from the soil samples to assess the ability to directly amplify P450nor from environmental soil samples. The PCR consisted of 4 l of 5ϫ PCR buffer (New England BioLabs, Whitby, Canada), 2 l of 5 M each primer, 1 l of 20 mg ml Ϫ1 bovine serum albumin (New England BioLabs), 0.4 l of 10 mM deoxynucleoside triphosphate (dNTP) (New England BioLabs), 0.2 l of 2-U l Ϫ1 Phusion high-fidelity DNA polymerase (New England BioLabs), 2 l of diluted DNA, and distilled water to bring the final volume to 20 l. The PCR protocol used was the following: initial denaturation at 98°C for 30 s, followed by 45 cycles of denaturation at 98°C for 10 s, annealing for 30 s (53°C and 57°C for P450nor and nirK, respectively), and extension at 72°C for 30 s. This was followed by a final extension at 72°C for 10 min. An additional PCR was performed targeting the internal transcribed spacer (ITS) region using primers ITS1F (32) and ITS4 (33) to allow for taxonomical identification using the mentioned PCR protocol with an annealing temperature of 63°C. Following PCR amplifications, the size of all amplicons was verified by electrophoresis on 1.5% (wt vol Ϫ1 ) agarose gels with 1ϫ Tris-acetate-EDTA (TAE) buffer. Samples containing bands of the correct size were extracted from the gel and purified using the MinElute gel extraction kit (Qiagen) and used for sequencing.
Sequencing and sequence analysis. Sequencing of the P450nor and nirK genes as well as the ITS region from isolated fungi was performed using a 3130xl sequencer (Applied Biosystems, Foster City, CA, USA) and the BigDye Terminator v.3.1 sequencing reaction kit. Sequences were trimmed using BioEdit v.7.0.9.0 and aligned using ClustalX v.1.83. A distance matrix was created using the DNADIST software of the PHYLIP package v.3.67 and the Jukes-Cantor algorithm. The distance matrix was used to group the sequences into operational taxonomical units (OTUs) using a 1% dissimilarity cutoff value in the MOTHUR software (v.1.53) to remove identical sequences. The closest match for each OTU was identified using the Basic Local Assignment Search Tool and the GenBank database (34) . Neighbor-joining analyses were performed using PAUP v.4.0b10 with 100 bootstrap replicates. Phylogenetic trees were edited using Treeview v.1.6.6. Accession number(s). The nucleotide sequences determined in this study have been deposited in the NCBI database under accession numbers KU556433 to KU556592.
RESULTS
The isolation protocol resulted in the isolation of 492 fungal colonies from all soils surveyed ( Table 1 ). The number of colonies obtained from each soil ecosystem varied from 2 to 84 (Table 1) ; however, the variability in the number of isolated colonies could be due to the effort to select colonies with morphological differences. The 492 fungal colonies were identified based on their ITS sequences and were grouped into 106 OTUs (removing identical sequences/fungi that were isolated in multiple copies) belonging to 38 genera and 59 species ( Fig. 1 ; see also Table S1 in the supplemental material).
The N 2 O gas production assay and the developed P450nor and nirK PCR detection assays were tested on the 106 OTUs. Twentyseven OTUs contained both the P450nor and nirK genes and produced N 2 O from nitrite (NO 2 Ϫ ) ( Table 2 ). An additional eight strains showed production of N 2 O, but the PCR assays were unsuccessful at detecting either the P450nor or nirK gene. The P450nor PCR assay generally produced single bands of the correct size that were observed only in fungi that tested positive for N 2 O production, while no bands were observed in the negative controls (results not shown). The denitrifying fungi (referring to fungi positive for the P450nor gene, the nirK gene, and N 2 O production) could be classified under the Ascomycota phylum and belonged to 10 genera and 13 species (Fig. 2 and 3) .
The denitrifying fungi were isolated from 10 of the 15 soils analyzed. A greater number of denitrifying fungi were isolated from agricultural soils and a compost sample; however, a few strains were isolated from pasture soils, an athletic field, and forest and garden soils (Table 1) . Only four denitrifying fungi were isolated from more than one soil (Table 2) . A strain of Fusarium oxysporum was isolated from eight of the soils under study while a strain of Trichoderma hamatum and a strain of Fusarium solani both were isolated from five soils, and a strain of Fusarium verticillioides was isolated from two soils. All other denitrifying strains were isolated from only one soil sample.
The P450nor phylogenetic tree showed that the isolated genes clustered with identified GenBank genes into four main clades, belonging to Fusarium species, Byssochlamys species, Trichoderma species, and Aspergillus species. For the nirK phylogenetic tree, the isolated genes clustered with known fragments from the Chloridium species, Aspergillus species, Fusarium species, and Trichoderma species (Fig. 2 and 3) .
The P450nor PCR assay amplifying DNA directly isolated from soil was successful in generating bands of the correct size (Fig. 4) . In a few samples, nonspecific amplicons were also observed, but the sizes of the bands were larger or smaller than the targeted fragment, making it easy to differentiate between the two. 
DISCUSSION
To date, only a limited number of studies have relied on molecular methods to detect, identify, and/or characterize fungal denitrifiers (13, 27, 28, 29, 35, 36) . The study by Long et al. (36) (4, 17, 37) , most strains isolated in the present study were not able to reduce NO 3 Ϫ to N 2 O, with the exception of Fusarium strains (data not shown). The nirK and P450nor genes, coding for nitrite reductase and nitric oxide reductase, respectively, are considered to be key genes involved in the process (2, 3, 22) and would be better targets than the nar gene (coding for nitrate reductase) to study the prevalence of fungal denitrification. In this study, we developed PCR primers targeting the P450nor and nirK genes and 
a OTU refers to numbers given to the different OTUs following sequence analysis. b Presence (ϩ) or absence (Ϫ) of the gene is indicated. c N 2 O produced in culture supplemented with NO 2 Ϫ after 4-week incubation is indicated. d Closest GenBank match to a known fungus, determined using the PCR-amplified ITS region. e Soil ecosystem from which the fungi belonging to the OTU were isolated: agricultural soils (A 1-3 ), athletic field (B), commercial compost (C), pasture fields (D 1-3 ), soil near roadway (E), forest soil (F 1-3 ) , garden soil (G), and/or soil near construction site (H) (details are provided in Table 1 ). f Known denitrifying fungal strains obtained from culture collections and used as controls. g NA, not applicable.
confirmed that strains showing amplification of these genes by PCR were producing N 2 O in growth culture supplemented with NO 2 Ϫ . The PCR primers developed in this study were successful in targeting the P450nor gene, as well as the nirK gene, in previously identified fungal denitrifiers from culture collections (positive controls) as well as 27 fungal denitrifiers isolated from various soil ecosystems. In the study by Higgins et al. (29) , the P450nor gene was detected in all denitrifying strain under study; however, the nirK gene was detected in only 74% and 13% of the denitrifying strains depending on the primer set used. The P450nor and nirK genes were also detected in some nondenitrifying strains, which was not the case in the present study. Of the 27 denitrifying fungi isolated in the present study, four previously unknown species of N 2 O producers were identified, including Byssochlamys nivea, Volutella ciliata, Chloridium sp., and Trichocladium sp. All other species that were isolated in this study were previously reported as producing N 2 O (4, 16, 17) . The Chloridium species P450nor gene clustered with known P450nor sequences from different fungi, including Clonostachys rosea, Neonectria ditissima, and Colletotrichum species, while Volutella ciliata clustered with the Colletotrichum species and the Trichocladium species clustered with Talaromyces flavus. The P450nor genes of the Byssochlamys nivea strains are closely related to the P450nor sequences from Metarhizium species (Fig. 2 ).
An effort was made to isolate morphologically different fungi independently of the soil ecosystem, leading to variable numbers of denitrifying fungi being isolated from the various soil ecosystems. It was noted that denitrifying fungi were isolated from all agricultural soils sampled, while they were only detected in two of three pasture soils and one of three forest soils (Table 1) . These results were surprising, as previous reports have found greater populations of fungi in no-till soils than in conventionally tilled agricultural soils (38, 39, 40) , often due to the physical disruption of the hyphal network by the tillage (41) . The use of nitrogencontaining mineral fertilizers in agricultural fields may have given a competitive advantage to denitrifying fungi.
Studies have suggested that denitrification is a widespread trait of cultivable soil-inhabiting fungi and that fungal denitrifiers can be found in various soil ecosystems (17, 42) . Based on the available literature and the results obtained in this study, Fusarium species are the most often reported fungal denitrifiers (13) , suggesting that this genus plays a significant role in N 2 O production from soil. The diversity and the identity of soil-inhabiting fungi that are capable of denitrification is not well known, as many studies are finding new species of denitrifying fungi (16, 17, 42) .
Due to the limited number of P450nor and nirK fungal sequences found in the GenBank database, the homology for BLASTn matches to the P450nor genes isolated in this study ranged from 67% to 98%, while the homology for BLASTx searches ranged from 67% to 99%, with the lowest homology values being associated with Byssochlamys strains. For the nirK genes, the BLASTn homology ranged from 72% to 99%, while the BLASTx homology ranged from 84% to 100%, once again with the lowest homology values associated with Byssochlamys species. In contrast, the homology values for Fusarium species (whose denitrification genes are better characterized) were generally over 90%.
When examining the phylogenetic tree obtained for P450nor and nirK, it is possible to see that all sequences isolated from closely related fungal species clustered together ( Fig. 2 and 3) . These results are contrary to those for bacterial nirK, where no sequence relatedness based on a bacterium's taxonomic identification was observed (5, 43) . Congruency of nirK, P450nor, and the 18S gene was reported previously by Wei et al. (27) , and the ITS region was reported by Maeda et al. (13) . Therefore, unlike that of bacteria, the P450nor and nirK phylogeny may be able to estimate the taxonomic affiliations of uncultured fungal denitrifiers.
The PCR amplification of P450nor directly from soil was able to amplify a fragment of the correct size for all eight soils investigated (Fig. 4) . The primer set showed nonspecific amplification in certain samples, but as the size of the nonspecific bands was easily discernible from the correct band size, these primers are of interest to detect the presence of P450nor-harboring fungi directly from soil samples.
Interestingly, eight strains of Clonostachys rosea were isolated in this study and all but one were able to produce N 2 O from NO 2 Ϫ or NO 3 Ϫ . However, the developed PCR primers were not able to detect the P450nor or nirK genes in any of these strains. As other studies have also shown the ability of Clonostachys species (16) or Bionectria ochroleuca (C. rosea teleomorph) to produce N 2 O (42), the inability to amplify the P450nor and nirK genes in this study may be due to a greater gene polymorphism in the binding sites of the developed PCR primers and/or to the PCR conditions used. A comparison of the P450nor forward primer sequence to a P450nor gene sequence of C. rosea available in the JGI database (CBS125111) showed a mismatch at primer position 12. The mismatch at this site was not observed in the 27 P450nor sequences determined in this study and may offer an explanation as to why P450nor sequences from C. rosea were not amplified. The nirK primers developed by Maeda et al. (13) , Long et al. (28) , and Wei et al. (27) were also used to attempt to amplify the nirK gene from the eight strains of C. rosea using their respective PCR protocols; however, bands of the correct size were not observed for any of the primer pairs used in the eight C. rosea strains (results not shown). The P450nor PCR primers and nirK PCR primers developed in this study detected most denitrifying species tested in the current study, but they show some limitations, like most PCR primer sets targeting functional microbial genes, being incapable of generating amplicons from at least one genus of known fungal denitrifiers, Clonostachys.
In conclusion, the development of a novel P450nor gene detection assay has allowed us to study the prevalence and diversity of fungal denitrifiers isolated from various soil ecosystems. Although the prevalence of the isolated fungal denitrifiers does not seem to follow a specific soil ecosystem distribution, a higher number of denitrifying fungi has been observed generally in agricultural soils than other soil environments under study. The P450nor gene detection assay described in this study was reliable at detecting a large diversity of fungal denitrifiers, and due to its lack of homology with bacterial denitrification genes, it could become a tool of choice for studying fungal denitrifiers.
